ABSTRACT: Kinesin-5 family members including human Eg5/KSP contribute to the plus-end-directed force necessary for the assembly and maintenance of the bipolar mitotic spindle. We have used monomeric Eg5-367 in the nucleotide-free state to evaluate the role of microtubules at each step in the ATPase cycle. The pre-steady-state kinetic results show that the microtubule-Eg5 complex binds MgATP tightly, followed by rapid ATP hydrolysis with a subsequent slow step that limits steady-state turnover. We show that microtubules accelerate the kinetics of each step in the ATPase pathway, suggesting that microtubules amplify the nucleotide-dependent structural transitions required for force generation. The experimentally determined rate constants for phosphate product release and Eg5 detachment from the microtubule were similar, suggesting that these two steps are coupled with one occurring at the slow rate after ATP hydrolysis followed by the second step occurring more rapidly. The rate of this slow step correlates well with the steady-state k cat , indicative that it is the rate-limiting step of the mechanism.
Kinesins are cytoskeletal motor proteins that utilize the energy from the ATPase cycle to perform mechanical work along microtubules. Conversion of the nucleotide state at the motor active site triggers conformational changes in the motor, which dictates the affinity of the motor for its filament and ultimately results in force generation. Although the specific structural events linking the ATP hydrolysis cycle to molecular motion are unknown, a mechanism for the pathway of conformational change that is responsible for amplifying small movements at the nucleotide binding site to large-scale changes in distant regions of the motor is now emerging.
Kinesins share an ∼350 amino acid motor domain that contains the nucleotide binding site and the microtubule binding region (reviewed in refs 1 and 2 and also see the kinesin homepage: http://www.proweb.org/kinesin/). A third region that is conserved within kinesin subfamilies is the ∼14-20 amino acid sequence adjacent to the motor domain called the neck linker. Together, the motor domain and the neck linker make up the core domain, and numerous studies have investigated the ATPase mechanism of different kinesin monomers in the presence of microtubules including Kinesin-1/conventional kinesin (3) (4) (5) (6) (7) (8) , Kinesin-5/Eg5/BimC (9-11), and Kinesin-14/Ncd/Kar3/ (12) (13) (14) (15) . The structural differences that arise between various kinesin subfamilies have fine-tuned the rate and equilibrium constants that govern the overall mechanochemical cycles. Therefore, each kinesin motor elicits a different work output that is utilized to perform different tasks, including vesicle transport, regulation of microtubule dynamics, and mitotic spindle assembly and chromosome segregation.
Kinesin-5 family members share a similar homotetrameric quaternary structure with two dimers positioned at each end of a coiled-coil stalk (16) (17) (18) . This bipolar structure facilitates the ability of Kinesin-5 to interact with and slide adjacent microtubules during mitosis, thus contributing to the plus-end-directed force that is necessary to form and maintain the mitotic spindle (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . Due to the importance of Kinesin-5 for mitosis, several studies have identified Kinesin-5 inhibitors (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) that can be used in the treatment of cancer and other diseases of abnormal mitotic index (reviewed in refs 41 and 42) .
Previous studies have focused on characterizing the fundamental kinetic mechanism of monomeric human Eg5 (KSP/Kinesin-5) in the absence (43) and presence of microtubules (9, 10) . These studies have revealed a mechanochemical cycle for Mt‚Eg5 1 that is similar to conventional Kinesin-1 based on rapid microtubule association kinetics, fast ADP product release, two-step ATP binding, relatively fast ATP hydrolysis, and a rate-limiting slow step after ATP hydrolysis. These kinetic steps are intimately related to the changes in Eg5's neck-linker orientation for force generation and processive stepping (10, 44, 45) . Previous analyses from our laboratory of the Eg5 ATPase mechanism were performed with two monomeric, truncated Eg5 proteins (Eg5-367 and Eg5-437). However, several important steps in the Eg5 ATPase mechanism have not been characterized. In addition, we have recently defined the ATPase cycle of Eg5 in the absence of microtubules using apoEg5 which is nucleotide-free (43) . We can now make a direct comparison at each step of the ATPase cycle in the presence and absence of microtubules to understand the structural transitions that establish the bipolar mitotic spindle.
In the present study, we investigated the microtubuleactivated ATPase mechanism of apoEg5-367. We have characterized the activity of apoEg5 preparations by steadystate ATPase kinetics as well as investigated the pre-steadystate kinetics of microtubule association, MgATP binding, ATP hydrolysis, inorganic phosphate (P i ) product release, and motor detachment from the microtubule. We show that microtubules activate the rate of every step in the ATPase pathway rather than just accelerating the rate of a single step. In addition, we propose that the kinetic steps of P i product release and Eg5 detachment from the microtubule are coupled, and the observed rate of either step when measured experimentally correlates well with the steady-state k cat . These results indicate that the overall kinetic mechanism of monomeric Eg5 can satisfy the demands of having the motor tightly bound to the microtubule during a majority of its ATPase cycle to generate and sustain force in the mitotic spindle.
MATERIALS AND METHODS

Experimental
Conditions. Experiments reported here were performed at 25°C in ATPase buffer (20 mΜ Hepes, pH 7.2, with KOH, 5 mΜ magnesium acetate, 0.1 mM EDTA, 0.1 mΜ EGTA, 50 mΜ potassium acetate, 1 mΜ dithiothreitol, 5% sucrose) with the concentrations reported as final after mixing.
Protein Preparation. In this study we have expressed and purified nucleotide-free human Eg5-367 (apoEg5) as described previously (9, 43, 46) . Briefly, magnesium chloride and ATP were excluded from all column chromatography buffers. The enriched Eg5 fractions from the nickel nitrilotriacetic acid-agarose column (Qiagen, Valencia, CA) were pooled and incubated with 5 mΜ EGTA and 5 mΜ EDTA. The mixture was loaded onto a Bio-Gel P-6 size exclusion column (Bio-Rad Laboratories Inc.) to remove chelating reagents and any residual nucleotide. The elution volume containing the excluded apoEg5 was concentrated by ultrafiltration and dialyzed against ATPase buffer. We determined the apoEg5 protein concentration by the Bio-Rad protein assay with IgG as the standard. The nucleotide-free determination of our apoEg5 preparations was performed as described previously (43) . On the day of each experiment, an aliquot of purified bovine brain tubulin was thawed and cycled, and the microtubules were stabilized with 20 µΜ Taxol (paclitaxel; Sigma-Aldrich Co.).
Steady-State ATPase. The ATPase activity of apoEg5 was determined by following [R-32 P]ATP hydrolysis to form [R-32 P]ADP‚P i as previously described (47) . Briefly, the steady-state ATPase kinetics of apoEg5 were measured as a function of MgATP concentration at saturating microtubule concentration and as a function of microtubule concentration at saturating MgATP. For the ATP concentration dependence experiments (Figure 1 ), the rate of ATP turnover was plotted as a function of MgATP concentration, and the data were fit to the Michaelis-Menten equation. For the microtubule concentration dependence experiments (Figure 1, inset) , the rate of ATP turnover was plotted against tubulin concentration, and the data were fit to the quadratic equation:
where E 0 is the Eg5 site concentration, K 1/2,Mt is the tubulin concentration as microtubules needed to provide one-half of the maximal velocity, and [Mt] is the tubulin concentration as microtubule polymer.
Mt‚Eg5 Cosedimentation Assays in the Absence of Nucleotide. Cosedimentation experiments were performed as described (9, 48) where apoEg5 and Eg5‚ADP (1 mol of apoEg5 plus 1 mol of MgADP) were incubated with microtubules for 30 min, and the Mt‚Eg5 complexes were pelleted by centrifugation in a Beckman Airfuge (Beckman Coulter Inc., Fullerton, CA) at 30 psi (100000g) for 30 min. Gel samples were prepared for the supernatant and pellet fractions at equal volumes for each reaction, and the proteins were resolved by SDS-PAGE and stained with Coomassie brilliant blue R-250 (Figure 2, inset) .
Rapid Chemical Quench-Flow Experiments. The presteady-state kinetics of MgATP binding and ATP hydrolysis were determined by utilizing pulse-chase and acid-quench methodologies, respectively, using a KinTek RQF-3 chemical quench-flow instrument (KinTek Corp., Austin, TX) (9). In the pulse-chase experiments, a preformed Mt‚Eg5 complex was rapidly mixed with increasing [R-32 P]MgATP concentrations plus KCl, and the reaction was continued for various times (5-500 ms) followed by the nonradioactive MgATP chase (30 mΜ in syringe, 10 mΜ final) for 3 s (∼10 turnovers). The additional KCl was added to the [R- 32 where A 0 corresponds to the concentration of tightly bound Mt‚Eg5*‚ATP complexes that proceed in the forward direction toward ATP hydrolysis for the pulse-chase experiments, k b is the rate constant of the exponential phase, and k ss is the rate constant of the linear phase (µΜ ADP‚s -1 ) corresponding to subsequent ATP turnovers.
In the acid-quench experiments, a preformed Mt‚Eg5 complex was rapidly mixed with increasing [R-
32 P]MgATP concentrations plus KCl, and the reaction was continued for various times (0.005-1 s) followed by quenching with formic acid (5 Μ in syringe, 1.7 Μ final). The concentration of [R-32 P]ADP product was plotted as function of time, and each acid-quench transient was fit to eq 2 ( Figure 4A ). For eq 2, A 0 corresponds to the concentration of [R- 32 P]ADP‚P i product formed at the active site during the first ATP turnover, and k b is the rate constant of exponential product formation at the active site during the first ATP turnover. For both pulse-chase ( Figure 3B ) and acid-quench experiments ( Figure 4B ), the amplitude and rate of the exponential
burst phase for each transient were plotted against MgATP concentration, and each data set was fit to a hyperbola. Data Analysis. The kinetics of ATP binding and hydrolysis were analyzed by a four-step model using KINSIM (49): where M‚E represents the microtubule-apoEg5 complex with 5 µM apoEg5, k +1 is the apparent second-order rate constant for ATP binding, k +1′ is the rate constant for the ATP-promoted conformational change that occurs prior to ATP hydrolysis, k +2 denotes the rate constant for ATP hydrolysis, and k slow is the rate of the slow step in the pathway that occurs after ATP hydrolysis. The intrinsic rate constants determined from the KINSIM analysis and provided in Table  2 fit the data at three ATP concentrations ( Figure 4C ) and satisfied the equations and where k cat is the turnover number based on steady-state ATPase and A 0 is the amplitude of the pre-steady-state burst phase of the ATP hydrolysis time dependence that corresponds to the accumulation of product at the Eg5 active site during the first ATP turnover.
Stopped-Flow Experiments. The SF-2003 KinTek stoppedflow instrument (KinTek Corp.) was used to measure the kinetics of Eg5 association with microtubules ( Figure 2 ), P i product release from the Mt‚Eg5 complex ( Figure 5 ), and ATP-promoted Eg5 detachment from the microtubule ( Figure  6 ). P i product release from the Mt‚Eg5 complex was determined using the MDCC-PBP coupled assay, as described previously (43, (50) (51) (52) . A preformed Mt‚Eg5 complex plus MDCC-PBP and "P i mop" were rapidly mixed with increasing MgATP concentrations plus KCl and P i mop. The P i mop removes the 1-2 µΜ contaminating P i that is present in the buffers, and the concentrations of "Mop" reagents (PNPase, MEG) were experimentally determined to eliminate competition with the MDCC-PBP for P i during the reaction. The experimental design assumes that, after ATP hydrolysis, P i product will be released from the active site of Eg5 and bind rapidly and tightly to MDCC-PBP, thus triggering the fluorescence enhancement of the MDCC-PBP‚ P i complex (51) . In order to convert the observed change in fluorescence intensity into units of P i concentration, a phosphate standard curve was used (data not shown).
The kinetics of apoEg5 association with microtubules ( Figure 2 ) and ATP-promoted dissociation of the Mt‚Eg5 complex ( Figure 6 ) were determined by monitoring the change in solution turbidity at 340 nm. In Figure 2 , the observed exponential rate of motor association with microtubules was plotted as a function of microtubule concentration and fit to the equation:
where k obs is the rate constant of the exponential phase, k +5 is the apparent second-order rate constant for Eg5 association with microtubules (Scheme 1), and k -5 corresponds to the observed rate constant for motor dissociation from the Mt‚ Eg5 complex as determined from the y-intercept. In Figure  6 , the exponential rate of Mt‚Eg5 dissociation was plotted as a function of MgATP concentration, and the data were fit to a hyperbola to determine the dissociation rate constant k +3 (Scheme 1).
RESULTS
ApoEg5
Displays Normal Microtubule-ActiVated SteadyState ATPase. Historically, when kinesin motors were purified, there was a tightly bound ADP at the active site (53) , and attempts to isolate homogeneous, fully active kinesin in the nucleotide-free state were compromised due to the instability of the catalytic core in the absence of nucleotide (12, 48, 54, 55) . In spite of this general observation for kinesin motors, the structure of monomeric Eg5 permits the purification of fully active, stable Eg5 motors in the nucleotide-free state as we described previously (43) .
We have pursued a mechanistic analysis of monomeric Eg5-367 in distinct nucleotide states: Eg5-367 bound to MgADP (Eg5‚ADP) (9, 56) and Eg5-367 in a stable, nucleotide-free state (apoEg5) (43) . Both purification strategies resulted in the final Eg5 preparation at >99% purity. To test the microtubule-dependent activation of apoEg5 ATPase, we measured the kinetics of ATP turnover under steady-state conditions ( Figure 1 ). If a significant fraction of the apoEg5 protein were inactive after removing nucleotide, then we would detect a decreased steady-state k cat . However, the maximum rate of ATP turnover by apoEg5 
) was comparable to Eg5‚ADP (k cat ) 5.5 s
), which suggests the enzymatic activity of apoEg5 preparations was similar to previously characterized Eg5‚ADP (9) . In addition, the Eg5 proteins shared similar K m,ATP and K 1/2,Mt parameters. K m,ATP for apoEg5 ) 7.0 µΜ versus Eg5‚ADP ) 9.5 µΜ and K 1/2,Mt for apoEg5 ) 0.29 µΜ versus Eg5‚ ADP ) 0.71 µΜ (ref 9; Table 1 ). The observed differences result from variability of different protein preparations rather than enzymatic or mechanistic differences. Together, these results indicate that Eg5 behaves similarly regardless of the purification strategy and the entire population of Eg5 sites reports during steady-state ATP turnover.
ApoEg5 Rapidly Associates with the Microtubule. To investigate the kinetics of apoEg5 association with microtubules, we utilized a stopped-flow instrument to monitor changes in solution turbidity as the motor associates with the microtubule lattice. Because it is the Eg5‚ADP intermediate that binds microtubules, we preformed this intermediate using equimolar apoEg5 + MgADP (9) . The observed rate of microtubule association increased linearly with microtubule concentration providing an apparent second-order rate constant, k +5 at 20 µΜ -1 s -1 ( Figure 2 ). This rate constant is faster than we reported previously and varies somewhat with the protein preparation (11-23.7 µΜ -1 s
, n ) 5). The steady-state k cat /K 1/2,Mt predicts the lower limit of the second-order rate constant for microtubule association at 18.6 µΜ -1 s -1 (Table 1) ; therefore, the microtubule association constant is consistent with microtubule-activated steady-state ATP turnover.
Mt‚Eg5 cosedimentation assays were also performed to determine the microtubule binding behavior of the apoEg5 under equilibrium conditions. The inset of Figure 2 shows apoEg5 and Eg5‚ADP partitioning with the microtubule pellet. These cosedimentation experiments were repeated at lower concentrations of the Mt‚Eg5 complex (0.5 µΜ apoEg5, 1 µΜ tubulin), and similar results were obtained (data not shown). These results indicate that the apoEg5 motor is fully active and comparable to Eg5 purified with ADP at the active site. Therefore, we can make direct comparisons between the kinetics of apoEg5 in the absence of microtubules to the kinetics of the Mt‚apoEg5 complex.
The Entire Mt‚Eg5 Population Binds MgATP Tightly during the First TurnoVer EVent. Previously, ATP binding to the Mt‚Eg5-367 complex was investigated by mantATP fluorescence enhancement (9) . These results suggested that ATP binding occurred in at least two steps: (1) rapid formation of the collision complex and (2) an isomerization event leading to a tightly ATP-bound state (Scheme 1). Using mantATP fluorescence enhancement, we were able to attain precise rate information, but we were not able to obtain amplitude information that provided the concentration of Eg5 sites that bound ATP and proceeded forward to ATP hydrolysis during the first turnover event.
To measure the pre-steady-state kinetics of [R-32 P]MgATP binding to the Mt‚Eg5-367 complex, we performed pulsechase experiments using a quench-flow instrument ( Figure  3 ). The experimental design assumes any tightly bound [R-32 P]MgATP substrate will proceed in the forward reaction, while any loosely bound or unbound substrate will be diluted by the excess nonradioactive MgATP in the chase. Figure  3B shows that the rate of the exponential burst phase increased hyperbolically with [R-32 P]MgATP concentration, suggesting that an ATP-promoted isomerization of the Eg5 motor domain limits ATP binding. This structural transition forms the Mt‚E*‚ATP intermediate that proceeds directly to ATP hydrolysis (Scheme 1). The maximum observed rate (k +1′ ) of the ATP-promoted conformational change was 19.7 a Mechanistic analysis of apoEg5 in the absence of microtubules (43) . b Mechanistic analysis of the mitotic kinesin Eg5 in the presence of microtubules (9). NA, not applicable. 
s -1 , similar to the observed rate for Eg5-367 determined by mantATP fluorescence enhancement at 21 s -1 (9). The ATP binding kinetics reported here also correlate well with the kinetics of ATP-promoted neck-linker docking measured by fluorescence resonance energy transfer (FRET) experiments using a series of spectroscopic probes (10) . Therefore, the ATP-promoted isomerization of the Mt‚Eg5‚ATP collision complex likely produces a series of structural changes in the Eg5 motor domain that favors movement of the neck linker.
The amplitude of the exponential phase of each pulsechase transient provides quantitative information about the concentration of Eg5 sites that report during the first ATP turnover event. The maximum amplitude of the burst phase was 0.75 ADP/site ( Figure 3B, inset) , which was similar to the maximum amplitude of our acid-quench transients ( Figure 4B, inset) . The maximum burst amplitude observed in these experiments indicates that the entire Mt‚Eg5 population bound MgATP tightly in these reactions (see Figure 4C and discussion of acid-quench burst amplitude below).
ATP Hydrolysis Is a RelatiVely Fast
Step in the Mt‚Eg5-367 Mechanism. We performed acid-quench experiments as a function of [R-32 P]MgATP concentration (Figure 4) . The initial exponential burst of product formation correlates to the formation of [R-32 P]ADP‚P i at the active site of Eg5 during the first ATP turnover. This exponential phase is followed by a slower linear phase, which corresponds to subsequent ATP turnovers. For conventional kinesin and Eg5, the microtubule-activated steady-state turnover is so fast that the pre-steady-state burst phase was obscured (9, 52) . Therefore, to visualize the initial burst phase, additional KCl was included in the ATP syringe to weaken motor rebinding to the microtubule after the first ATP turnover and, thereby, lowering the rate of the linear phase and steady-state turnover. We showed previously that the additional 100 mM salt does not alter the kinetics of ATP binding and ATP hydrolysis during the first ATP turnover (9, 56) . Figure 4B shows that the observed rate of ATP hydrolysis increased as a function of MgATP concentration with a maximum observed rate constant at 10.2 s -1 . The Figure 4B inset Table  2 with the following intrinsic rate constants:
illustrates that the burst amplitude also increased as a function of ATP concentration with the maximum burst amplitude at 0.75 per active site. We analyzed the ATP hydrolysis kinetics at three MgATP concentrations ( Figure 4C ) using the fourstep model presented in eq 3 and Table 2 . This analysis predicted an intrinsic rate constant for ATP hydrolysis, k +2 ) 20-22 s -1 , and the slow step that follows ATP hydrolysis at 6.5 s -1 . These constants provided k cat ) 4.9-5 s -1 based on eq 4, which was consistent with the experimentally determined k cat at 5.4 s -1 ( Figure 1 , Table 1 ). The KINSIM analysis also predicted a reduced burst amplitude which was observed experimentally at A 0 ) 0.75 ADP/Eg5 site ( Figure  4B ) and calculated on the basis of eq 5 using the KINSIMderived rate constants (A 0 ) 0.6 ADP/Eg5 site).
At first glance the intrinsic rate constant for ATP hydrolysis at 20-22 s -1 appears high in comparison to the experimentally observed constant at 10.2 ( 0.7 s -1 ( Figure  4B , Table 1 ). However, if two steps occur in sequence and their intrinsic rates are of similar magnitude, then the observed rate of the second reaction is approximately half the intrinsic rate constant (52, 57) . The ATP-promoted isomerization at ∼20 s -1 followed by ATP hydrolysis at 20-22 s -1 is consistent with an observed rate constant for ATP hydrolysis at 9-11 s -1 as shown by the fit of the data to the four-step model ( Figure 4C ). In addition, our previous studies with a longer monomeric Eg5 protein (Eg5-437) exhibited similar ATP hydrolysis kinetics as observed here for apoEg5-367 (9) .
The magnitude of the burst amplitude also increased as a function of MgATP concentration ( Figure 4B, inset) , with the maximum amplitude at 0.75 ADP/site, consistent with the maximum amplitude of the pulse-chase transients ( Figure 3B, inset) . The burst amplitude is derived from the rate constants that govern the step of ATP binding (k +1 and k +1′ ), ATP hydrolysis (k +2 and k -2 ), and the rate constant of the slow step in the pathway after ATP hydrolysis that limits subsequent ATP turnovers (k slow ). If k +2 . k slow and k -2 is very slow (e0.001 s -1 ), then the amplitude approaches 1 ADP/site. However, as k slow increases relative to k +2 , the amplitude decreases from unity. Analysis of the data based on the four-step model in eqs 3 and 5 predicts the decrease in the burst amplitude to ∼0.75 per Eg5 active site because of k slow . Therefore, the steady-state ATPase kinetics ( Figure  1) , the pre-steady-state kinetics of ATP binding (Figure 3) , and the pre-steady-state kinetics of ATP hydrolysis ( Figure  4 ) indicate that the entire Mt‚Eg5 population reports during the first ATP turnover as well as subsequent turnovers.
P i Product Release and Motor Detachment from the Microtubule Exhibit Slow Rate-Limiting Kinetics.
To measure directly the kinetics of P i product release from the Mt‚Eg5 complex, we performed stopped-flow experiments using the MDCC-PBP assay (51) . In this coupled assay, ATP binds the active site of Eg5 followed by ATP hydrolysis. When P i is released to the solution, MDCC-PBP binds the P i rapidly and tightly, resulting in a fluorescence enhancement ( Figure  5A,B) . Because microtubules activate k slow and therefore subsequent turnovers, these experiments must be performed at low microtubule concentration and with additional salt to observe the burst of phosphate release from the active site of Eg5 during the first ATP turnover. We performed a P i release experiment at 200 µΜ MgATP in the presence and absence of additional KCl ( Figure 5A ). The additional salt added to the ATP syringe weakens Eg5 rebinding to the microtubule, thereby slowing the microtubule reassociation rate and therefore subsequent ATP turnovers. This experimental strategy was also used for the acid-quench experiments (Figure 4 ). In the presence of the additional KCl, the phosphate release data were biphasic and exhibited the burst kinetics expected if P i release were faster than a subsequent step which limited steady-state turnover. In the absence of the additional salt, the kinetics of P i product release were also biphasic, but the exponential phase was much longer. Note that the exponential phase of the +KCl transient superimposes on the initial 150 ms of the no KCl transient. These results indicate that the additional salt does not affect the first ATP turnover but lowers the rate of the linear phase which corresponds to subsequent ATP turnovers ( Figure  5E,F) . To determine the burst amplitude of the pre-steadystate kinetics of P i release, the observed change in fluorescence intensity was converted to units of P i concentration using a KH 2 PO 4 standard curve (data not shown). The burst amplitude of the exponential phase of the +KCl transient in Figure 5A was 0.68 µM P i , which corresponds to ∼1 P i per Eg5 site. In contrast, the amplitude of the transient in the absence of additional salt was 2.2 µM P i or ∼4 P i /Eg5 site, which is suggestive that the motor remained bound to the microtubule turning over multiple ATP molecules such that ∼4 phosphates were released prior to Eg5 detachment from the microtubule. Additional evidence in support of this interpretation is that the P i burst rate in the presence of KCl was 7.1 s -1 , yet in the absence of additional salt it was significantly slower at 1.8 s -1 because of the multiple turnovers. This kinetic profile was also observed for monomeric conventional Kinesin-1 (4). Moreover, the kinetics in Figure 5A provided confidence that this experimental strategy, i.e., including additional salt in the ATP syringe, could be used to measure the phosphate release kinetics for Eg5.
Figure 5B shows representative transients at varying ATP concentrations. Note that these transients show the lag for ATP binding and ATP hydrolysis and the burst of P i release during the first turnover, followed by a slower rate of P i release during subsequent turnovers. The observed burst rates of P i release during the first turnover increased as a function of MgATP concentration with k obs,max ) 6.0 s -1 ( Figure  4B,C) . This rate constant is similar to steady-state turnover at 5.4 s -1 (Figure 1) . The burst amplitude of the exponential phase of P i release was converted from the observed change in fluorescence intensity (volts) to units of P i concentration using a KH 2 PO 4 standard curve. The maximum amplitude of the exponential burst of P i product release during the first ATP turnover event was 0.75 P i /site, consistent with the ATP binding and ATP hydrolysis kinetics reported in Figures 3  and 4 , respectively, and Tables 1 and 2 . These results indicate that this burst amplitude represents one ATP turnover by one apoEg5 active site. We have observed some variability in the maximum burst amplitude as seen by comparison of the +KCl transient in Figure 5A and those in Figure 5B ,D. These experiments were done on different days. However, when experiments were done with a complete ATP concentration series on the same day, the maximum P i amplitude was consistently measured at ∼0.75 P i /Eg5 site.
The linear phase of the P i transients represents subsequent ATP turnovers. The rate of each transient was converted from volts‚s -1 to µM P i ‚s -1 and divided by the apoEg5 concentration used in the experiment ( Figure 5E ). The rate of the linear phase increased hyperbolically as a function of ATP concentration with the maximal k ss /E 0 ) 0.79 s . This constant agreed well with the steady-state k cat at 0.61 s -1 measured at the same experimental conditions with 100 mM KCl and the microtubule concentration at 1 µM tubulin polymer ( Figure 5F ). These results provide additional evidence that the experimental design to measure the phosphate release kinetics is valid, and it is the kinetics of the subsequent turnovers that are altered by the higher salt and lower microtubule concentrations rather than the first ATP turnover.
To measure the kinetics of the ATP-promoted dissociation of the Mt‚Eg5 complex (Figure 6 ), additional salt was also included in the ATP syringe to weaken rebinding of the motor to the microtubule and, therefore, slow subsequent In the presence of 100 mM KCl, the data displayed burst kinetics and were fit to eq 2, which provided A 0 ) 0.68 µΜ P i (∼1 P i /Eg5 site), k b ) 7.1 ( 0.1 s -1 , and k ss /E 0 ) 0.63 ( 0.01 s -1 . In the absence of additional KCl, the data were fit to eq 2 with k obs ) 1.8 ( 0.01 s -1 and A 0 ) 2. . This observed maximum rate was similar to phosphate release at 6 s -1 and the steadystate k cat at 5.4 s -1 (Table 1) .
DISCUSSION
We have investigated the microtubule-activated behavior of human Eg5-367 that was purified in the nucleotide-free state (apoEg5) using a combination of steady-state and presteady-state kinetic methodologies. The results presented here indicate that the purified apoEg5 protein is fully active. We have defined the kinetics of apoEg5 association with microtubules, MgATP binding, ATP hydrolysis, P i product release, and ATP-promoted dissociation of the Mt‚Eg5-367 complex (Scheme 1, Tables 1 and 2) .
ApoEg5 Protein Is Fully ActiVe. There are several lines of evidence presented in our previous study using apoEg5 in the absence of microtubules (43) and in this paper in the presence of microtubules that support the argument for apoEg5 protein being fully active. (1) Analytical gel filtration experiments to resolve the purified apoEg5 protein show no detectable peak at the elution volume corresponding to the void volume of the column (see Figure 1A from ref 43) . If apoEg5 were unfolding, we would expect to see aggregates of the degraded protein in the void volume. In contrast, these results indicate that the entire population of apoEg5 protein is soluble, homogeneous, and monodisperse. (2) ApoEg5 binds microtubules in a concentration-dependent manner (Figure 2) . (3) The microtubule-activated steady-state ATPase of apoEg5 does not differ from previously characterized Eg5‚ ADP (Figure 1) . (4) We observe full burst amplitudes in pulse-chase (Figure 3 ), acid-quench (Figure 4) , and P i product release ( Figure 5 ) experiments. (5) The apoEg5 motor domain has the ability to detach from the microtubule in an ATP concentration-dependent manner ( Figure 6 ). Taken together, these results provide a powerful argument that the purification strategy to isolate nucleotide-free Eg5 has not altered the enzymatic capacity of the motor. In addition, these results suggest that, in spite of the amino acid sequence similarity of the catalytic core of kinesins, Eg5 is intrinsically more stable structurally when nucleotide is removed in comparison to either conventional Kinesin-1 or Kinesin-14 Drosophila Ncd.
Microtubules ActiVate Each
Step in the ATPase Pathway. Typically, kinesin motors are purified in the absence of microtubules with ADP bound to the nucleotide binding site (53) . Upon binding to the microtubule lattice, ADP is released rapidly from the active site to form the nucleotidefree state. For Eg5, microtubules significantly enhance the rate of ADP product release from 0.1 s -1 (43) to 45 s -1 (9). However, the behavior of apoEg5 off the microtubule is dramatically different when compared to microtubuleactivated apoEg5. In the absence of microtubules, we observed approximately 15% of the apoEg5 enzyme sites binding and hydrolyzing ATP during the first turnover (43) , whereas this same preparation in the presence of microtubules showed that 100% of motor population did bind and hydrolyze ATP (Figures 1 and 3-5) . In fact, the results in Table 1 show that each step of the Eg5 ATPase cycle is accelerated dramatically by the Eg5-microtubule interaction rather than just a single step. These data clearly indicate that interaction with the microtubule alters the active site of Eg5 to promote and accelerate ATP turnover.
Rosenfeld et al. (10) proposed three distinct neck-linker conformations that are favored during the Eg5 ATPase cycle: (1) "perpendicular", an orientation perpendicular to the long axis of the motor domain based on the Turner et al. crystal structure (58); (2) "docked", where the neck linker docks onto the motor domain similar to Kif1a‚AMPPNP (59) based on the Yan et al. and Cox et al. structures (32, 60) ; and (3) "rigor", a conformation intermediate between perpendicular and docked that occurs when Eg5 is bound to the microtubule in a nucleotide-free state (10). Rosenfeld et al. (10) argued for a transition in the neck-linker orientation from perpendicular to rigor that occurred with microtubule binding. These results suggest that structural rearrangements in the Eg5 motor core that promote the rigor orientation of the neck linker are necessary to facilitate ATP binding. Therefore, the pathway of conformational communication in the Eg5 motor domain links the position of the neck linker to the three-dimensional structural arrangement of amino acids at the active site, thus providing a mechanism to couple the ATPase cycle with the structural transitions that drive movement. This linkage would be important to coordinate the action of each motor domain of dimeric Eg5 with the microtubule lattice. In addition, it would provide a sensitive means to communicate within the homotetramer through the coiled-coil from one dimeric unit on one microtubule to the other Eg5 dimer on the opposing microtubule. (Figure 4) . The maximum observed rate of P i release (k +3 ) 6 s -1 ; Scheme 1, Figure 5 ) was similar to the maximum rate of steady-state ATP turnover (k cat ) 5.4 s -1 ; Figure 1 ). The observed rate of ATP-promoted dissociation of the Mt‚Eg5 complex was also similar in magnitude (k +3 ) 7.7 s -1 ; Figure 6B ). The MgATP concentration dependence from these independent assays also provided similar apparent equilibrium constants: K 1/2,ATP ) 3.7 µΜ for P i release experiments and 4.2 µΜ for ATP-promoted dissociation experiments. These results suggest that the two steps are coupled with a relatively slow rate-limiting step after ATP hydrolysis, followed by a fast step that must be >10-fold faster (Figure 7 ). Similar kinetics were initially observed for conventional Kinesin-1, K401, and the steps of P i release and motor detachment from the microtubule were also proposed to be coupled (52) . However, an analysis of conventional K401 mutants that uncoupled motor detachment from phosphate release revealed that phosphate release was the rate-limiting step in the pathway (50) . Phosphate release may be rate limiting for Eg5, and this hypothesis is consistent with the Mt‚Eg5 cosedimentation studies using dimeric Eg5 where the ADP intermediate was more weakly bound to the microtubule (44) . However, at this time we do not have the experimental evidence to order these steps for Eg5. Regardless, the slow step at 6-8 s -1 in the mechanism, measured by both experiments, represents the rate-limiting step in the ATPase pathway (Tables 1 and 2, Figure 7) .
We propose that after Eg5 releases P i from the active site and detaches from the microtubule as the Eg5‚ADP intermediate, the motor domain undergoes a relatively rapid conformational change (k +5′ , Figure 7) to form a state that will rapidly and effectively rebind the microtubule lattice. The kinetics of this isomerization event were not determined in this study. However, Rosenfeld et al. (10) suggested that this step proceeds forward rapidly at 28-33 s -1 , which is consistent with our overall ATPase mechanism. Eg5 association with the microtubule (Figure 2 ) followed by rapid ADP product release complete the cycle (Figure 7) .
The overall kinetic profile of monomeric Eg5 indicates that its interaction with the microtubule lattice accelerates the structural transitions required to meet the demand of ATP turnover during mitosis. In addition, the kinetics indicate that the motor spends a majority of its ATPase cycle bound to the microtubule, thus implicating the Eg5 homotetramer capable of processive movement between parallel or antiparallel microtubules. In fact, Valentine and Fordyce et al. recently reported that single molecules of dimeric Eg5 step processively along microtubules and remained processive even when subjected to strong loads (45) . The results reported here suggest that the two motor domains of the Eg5 dimer would likely have one domain bound at any given time to support processive movement along the microtubule. FIGURE 7: Model for the Mt‚Eg5 ATPase cycle. ATP binding to the Mt‚Eg5 complex occurs in at least two discrete steps: a weak collision event followed by ATP-promoted conformational change. ATP hydrolysis is a relatively fast step in the pathway. Following ATP hydrolysis, the coupled steps of P i product release and Eg5 detachment are shown in two possible sequential orders. Upon detachment from the microtubule, a rapid isomerization of the motor domain likely occurs to reach a competent state for rebinding the microtubule lattice. Microtubule binding occurs rapidly, followed by rapid ADP product release from the Eg5 active site to complete the cycle. The neck-linker conformations along the ATPase pathway are inferred from previous studies (10, 32, 58, 60, 61) .
